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van der Waals interaction of a molecule with a semiconductor surface not in equilibrium
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The characteristic features of the van der Waals interaction between a molecule and a nonequilibrium
semiconductor has been studied. An approach to the calculation of the interaction energy, based on the
‘‘fluctuation-diffusion’’ relations, is proposed. It is shown that a nonequilibrium state of an adsorbent can
change the character of the adsorption potential of a semiconductor surface.@S0163-1829~98!08939-5#
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I. INTRODUCTION

It is well known1–8 that the state of a single adsorbe
molecule on the surface of a solid is dependent on the na
of the adsorption bond. In the case of physisorption, t
bond is maintained by polarization forces. For molecu
with a weak static polarizability these are considered mo
as van der Waals~dispersion! forces. The adsorption poten
tial is the important characteristic of adsorption which d
fines, in particular, the type of adsorption. It is usually a
sumed that the physisorption potential for nonpo
molecules is determined basically by van der Waals att
tive forces and short-range repulsive forces.1,4,7 Usually the
adsorption potentialU( l ) is calculated only for a single mol
ecule at the surface. In recent years, the interparticle inte
tions have been taken into account in the study of adsorp
processes.9,10 It should be pointed out that the interactio
between a flat surface and a particle was not the only th
studied. For example, in Ref. 11 the van der Waals inter
tion between a molecule and a spherical cavity in a m
was discussed.

All the research known to the authors has been devote
adsorption on the surface of a solid in the equilibrium sta
But there is a possibility of adsorption of particles on a s
face of a solid not in equilibrium. In particular, adsorption
molecules on the surface of a semiconductor not in the e
librium state due to external optical pumping or through a
plying dc current may occur. It is clear that this problem
not only of theoretical interest but has practical applicat
as well, since it opens an additional possibility to cont
adsorption properties of the surface. The van der Waals c
ponent of the adsorption potential for adsorption of a sin
molecule on the surface of a nonequilibrium semiconduc
is calculated in this work. Characteristic properties of t
formation of the van der Waals part of the adsorption pot
tial are discussed.

In the case of adsorption of a particle on a surface
equilibrium, the calculation of the van der Waals compon
of the adsorption potential can be performed with the me
ods developed in Refs. 12 and 13, using the Callen-We
theorem.14 In the case of adsorption on the surface of a se
conductor which is not in the equilibrium state, th
‘‘fluctuation-dissipation’’ ~Callen-Welton! theorem becomes
PRB 580163-1829/98/58~16!/10721~7!/$15.00
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invalid for the calculation of the ‘‘field-field’’ type correla-
tion functions. For this reason, we propose using the
called ‘‘fluctuation-diffusion’’ relation,15–17 which connects
a correlator of the fluctuating values in the system with
diffusion processes. This effectively leads to smearing of
fluctuations. This approach is fruitful for the study of th
formation of the van der Waals component of the adsorpt
potential by the Green’s-function method. We shall assu
that long-range electrodynamic properties of the nonequi
rium semiconductor can be accounted for in terms of
dielectric formalism. This approximation allows us to intr
duce a dielectric function for the description of the adso
tion properties on the surface of a nonequilibrium semic
ductor.

There are situations when a nonequilibrium state in
semiconductor may be characterized by an effective e
tronic temperatureTe .18 The electron distribution function in
these cases has the same form as for the equilibrium~with
T→Te! state. One could assume that the Callen-Wel
theorem should be adequate for such cases of nonequilib
states. But, strictly speaking, due to the strong mutual in
ference between fluctuation currents and the energy of
electrons, the use of the Callen-Welton theorem is proble
atic. We propose other relations connecting the correlator
the ‘‘current-current’’ type to macroscopic characteristics
the system. For example, these could be the fluctuat
diffusion relations.

II. CONNECTION BETWEEN THE ADSORPTION
POTENTIAL AND CORRELATORS
OF THE ‘‘CURRENT-CURRENT’’

AND ‘‘FIELD-FIELD’’ TYPES

A molecule situated at a distancel from the surface of a
semiconductor will be considered. We suppose that the m
ecule is bound to the surface by physisorption. No chem
bonds are considered here. Consider the spontaneously
tuating dipole momentpi

(sp) of the molecule. This dipole mo
ment induces a polarization in the adsorbent,pi

(ind) . As a
result of the polarization of a substrate, the self-acting fi
will occur at the molecule, given by

Ei
~1!~ra ,l ,t !5dE dt8Gi j ~0,l ,l ,t2t8!pj

~sp!~ra ,t8!,

~2.1!
10 721 © 1998 The American Physical Society
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10 722 PRB 58FRIDRIKH G. BASS AND VALERI Z. LOZOVSKI
with ra the position vector of the molecule in theXOYplane
of a Cartesian system. We take the plane to coincide with
plane surface of the adsorbent, and take theOZ axis as di-
rected out of the substrate. For simplicity, the position vec
ra can be chosen to be equal to zero. In Eq.~2.1!,
Gi j (0,l ,l ,t2t8) is the electrodynamical Green’s functio
~photon propagator! of the system without a molecule.

In Eq. ~2.1! the notationd means that the part whic
would appear when the molecule would be removed to
finity from the surface is neglected in the integrand. Sin
the interaction between the molecule and the surface oc
through the transverse part of the electrical field,19 only the
transverse part of the photon propagator in Eq.~2.1! is used.
The Green’s function of a system with an interface cons
of two parts:20 the first part,gi j , provides the necessary sin
gularity in the point of location of a source of the field; th
second part,I i j , serves to satisfy the boundary conditions
the interface. In other words,gi j is the direct andI i j is the
indirect part of the photon propagator.19 I i j describes the
electromagnetic field reflected from the surface. The dir
part of the photon propagator in the case under considera
provides the so-called local-field correction of the molecu
polarizability. It means that only the valueI i j (0,l ,l ,t
2t8)pj

(sp)(t8) remains in the integrand in Eq.~2.1!. For con-
venience, thez arguments in the functions will be omitted
but they will be retained in the main expressions.

The energy of interaction between the dipolepi
(sp) and the

field induced by the polarization in the adsorbent, avera
over fluctuations of the dipole moment of the molecule, i

U152 1
2 ^p~sp!~ra ,t !•E~1!~ra ,t !&. ~2.2!

Substitution of the expression for the field given by E
~2.1! into Eq. ~2.2!, and after a Fourier transformation ov
time, leads to the following expression:

U152
1

8p2 Re E dv Gi j
@~0,v!^pi

~sp!pj
~sp!&v , ~2.3!

where^pi
(sp)pj

(sp)&v is the spectral density of the correlatio
function12

^pi
~sp!~ t !pj

~sp!~ t8!&5E dv

2p
e2 iv~ t2t8!^pi

~sp!pj
~sp!&v .

~2.4!
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Taking into account that the molecule is in equilibrium, t
Callen-Welton theorem applies, e.g.,

^pi
~sp!pj

~sp!&v5 i\ f ~v!@„a j i
~0!~v!…* 2a i j

~0!~v!#, ~2.5!

with f (v)51/@12exp(22b)#, b5\v/2kBT, anda i j
(0)(v) is

the electric susceptibility~polarizability! of the isolated mol-
ecule. Using Eq.~2.5! we obtain

U152
\

8p2 ReH i E dv f ~v!Gi j
@~0,v!

3@„a j i
~0!~v!…* 2a i j

~0!~v!#J . ~2.6!

Thus, to calculate the first part of the interaction energy
the fluctuating dipole moment of the molecule with the no
equilibrium surface, one needs to know the electrodynam
Green’s function of the nonequilibrium substrate,Gi j

@(r
2r 8,l ,l ,v). The notation ‘‘@’’ in the Green’s function
means that both the source of the field and the observa
point are situated in the upper half-spacez.0.

The presence of the spontaneous fluctuations in the ad
bent gives rise to the field at the point of location of t
molecule,E(sp)(ra50,t). This field induces an additional di
pole moment at the site of the molecule,

pi
~ ind!~ t !5E dt8a i j

~0!~ t2t8!Ej
~sp!~ t8!. ~2.7!

The interaction energy between the induced dipole mom
and the field generated by the spontaneous fluctuations o
polarization in the adsorbent can be written as

U2~ l !52 1
2 ReH E dt8a i j

~0!~ t2t8!^Ej
~sp!~ t8!Ei

~sp!~ t !&J .

~2.8!

Since the fluctuating field is generated by the fluctuations
the currents in the substrate, the correlator of the ‘‘fie
field’’ type can be written in terms of the Green’s functio
and the correlator of the ‘‘current-current’’ type as
^Ej
~sp!~ra ,t8!Ei

~sp!~ra ,t !&5E dr 8dr 9E dz8dz9E dt9dt-Â~k8,v8,ra2r 8,t82t9!Gjk
^ &~k8,za ,z8,v8!Â

3~k9,v9,ra2r 8,t2t-!Gil
^ &~k9,za ,z8,v9!Â~k,v,r 82r 9,t92t-!S 1

v2D ^ j k~z8! j l~z9!&k,v , ~2.9!
where the notation ‘‘̂&’’ means that the source of the fiel
~fluctuating current! is situated in the sample (z,0) and the
observation point is situated atza.0. Â(k,v,r2r 8,t2t8) is
an integral operator. Its action on an arbitrary functi
f(k,v) is given by
Â~k,v,r2r 8,t2t8!f~k,v!

5E dk

4p2 E dv

2p
e2 ik~r2r8!1 iv~ t2t8!f~k,v!. ~2.10!
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Equation~2.9! shows that the problem of calculating th
energy of interaction between fluctuating currents in the s
strate and the molecular dipole moment is reduced to
calculation of the spectral density of the correlation funct
of the ‘‘current-current’’-type. The Fourier transformation
the correlation function is determined by

^ j k~r ,z,t ! j l~r 8,z8,t8!&5Â~k,v,r2r 8,t2t8!

3^ j k~z! j l~z8!&k,v . ~2.11!

Thus, the adsorption potential may be written as

U~ l !5U1~ l !1U2~ l !, ~2.12!

with U1( l ) andU2( l ) given by Eqs.~2.6! and~2.8!, respec-
tively.

It should be noted that the structure of Eq.~2.12! derives
from the fact that the van der Waals interaction betwee
particle and a substrate is caused by two fluctuating p
cesses. These are both fluctuations of the molecular di
moment and fluctuations of the electrical field in the no
equilibrium substrate. Since a fluctuating electric field in t
substrate leads to an induced dipole moment at the mole
(p(ind);E(sp)), this leads to an interaction between the m
ecule and the substrate with the energyU2 . Fluctuations of
the molecular dipole moment induce a polarization in
substrate. Their interaction is characterized by the ene
U1 . It should be emphasized that the induced polarizat
~dipole moments! occurs in the nonequilibrium substrat
This explains the use of the Green’s function of the noneq
librium substrate in Eq.~2.6!. Both terms in Eq.~2.12!,
therefore, have characteristic features of a nonequilibr
substrate.

In the case of adsorption of a molecule on the surface
an equilibrium substrate, both expressions in Eq.~2.9! should
be determined with the Green’s function of the equilibriu
substrate. The second term transforms to

U2~ l !52
\

8p2 ReH i E dv f ~v!a i j
~0!~v!

3@Gji* ~0,v,l ,l !2Gi j ~0,v,l ,l !#J , ~2.13!

with

Gi j ~0,v,l ,l !5E dk

4p2 Gi j ~k,v,l ,l !. ~2.14!

Thus, the connections between interaction energy
photon propagator of a nonequilibrium substrate and corr
tors of ‘‘field-field’’ type @or ‘‘current-current’’ type, see Eq
~2.9!# were established in this part of the work. In this co
nection, it is necessary to mention three fundamental wo
of Agarwal21–23 in which the properties of correlation func
tions of ‘‘field-field’’ type were studied. The fluctuation
dissipation theorem and Green’s-function method were u
in these works. But only thermally equilibrium systems we
discussed in Refs. 21–23. The wide spectrum of proble
concerning van der Waals interaction between two bod
was considered by Agarwal. As opposed to Ref. 22, whe
quantum approach was applied to both a particle and a fi
-
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in the present work the electrodynamical Green’s funct
obtained in a classical approach will be used.

III. ADSORPTION OF A MOLECULE ON A PLANE
SURFACE OF A NONEQUILIBRIUM SEMICONDUCTOR

As discussed in the preceding section, the calculation
the van der Waals part of the adsorption potential is redu
to the calculation of the correlation function^ j k j l& for the
nonequilibrium substrate with a plane interface. The calcu
tion of the function^ j k j l& can be based on the results o
tained in Ref. 24, where a procedure was developed to
press the ‘‘current-current’’ correlator for a half-space
terms of the same correlator for the infinite medium. Th
procedure yields

^ j k~z! j l~z8!&k,v5E dq

2p
@e2 iq~z2z8!1pz le

2 iq~z1z8!#

3^ j k j l&P,v . ~3.1!

In Eq. ~3.1!, the parameterp characterizes the processes
reflection of the particle from the plasma in the solid at t
interface. For example, for specular reflection,p is equal to
1. The wave vectorP5(k,q) is the three-dimensional wav
vector, withk the two-dimensional one lying in the plane o
the adsorbent surface andq the vector component along th
OZ direction. The parameterz l is equal to 1 in the case whe
lÞz and is equal to21 whenl 5z. The value^ j k j l&P,v de-
notes the correlation function of the infinite nonequilibriu
plasma.

In the absence of both an external magnetic field an
transport electrical current in the substrate, and in the c
when the electron gas in the nonequilibrium substrate is
mogeneous and nondegenerate, the ‘‘current-current’’ c
relator for the infinite medium can be written as15

^ j k j l&P,v5
2

V
ne2Ddkl , ~3.2!

wheren is the concentration of the electrons in the substra
e is the electron charge,V is the volume of the substrate, an
D is the diffusion coefficient. Equation~3.2! is the math-
ematical formulation of the ‘‘fluctuation-diffusion’’ theorem
analogous to the ‘‘fluctuation-dissipation’’ theorem~Callen-
Welton theorem! for equilibrium systems. It should be men
tioned that according to Ref. 15, expression~3.2! holds in the
case whenvt1!1!vt0 , wheret1 is the time of dissipation
of a pulse andt0 is the time of energy dissipation in th
substrate. For a small nonelasticity of collisions betwe
electrons and for rather high frequencies, the following u
equality is fulfilled: t0@t1 . This means that Eq.~3.2! is
valid for most cases of nonequilibrium substrates.

Taking into account Eqs.~3.1! and ~3.2!, Eq. ~2.9! be-
comes
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^Ej
~sp!~ra ,t8!Ei

~sp!~ra ,t !&5
2ne2

~2p!4

D

V E dz8E dk

4p2

dv

2p
eiv~ t82t !Gjl

^ &~k,za ,z8,v!

3@Gil
^ &~2k,za ,z8,2v!6pGil

^ &~2k,za ,2z8,2v!#. ~3.3!
e
ca
e

-
as

n

cu-

he
on
e as
The upper sign in the brackets of Eq.~3.3! means thatl
Þz, and the lower sign meansl 5z.

Thus, to solve the problem under consideration, one ne
to know the Fourier components of the electrodynami
Green’s function of a nonequilibrium substrate. In the fram
work of the dielectric formalism,25 where the Green’s func
tion for a semi-infinite medium with a plane interface w
calculated~see, for example, Refs. 26–28!, the problem re-
duces to the calculation of the dielectric function for a no
i
ad
nd

t

ds
l
-

-

equilibrium semiconductor. Moreover, there are many cal
lations of dielectric functions for nonequilibrium
semiconductors.29,30

It is quite natural to suppose that in the framework of t
dielectric formalism, the electrodynamical Green’s functi
of the nonequilibrium substrate has the same appearanc

the Green’s function of a substrate in equilibrium, with«Jeq

→«Jnoneq. Therefore, we use the Green’s function27
of

ts.
Gi j ~k,v!5
1

k2 S kx
2
Jxx1ky

2
Jyy

2kxky~Jxx2Jyy!

kxkJxz

2kxky~Jxx2Jyy!

ky
2
Jxx1kx

2
Jyy

kykJxz

2kxkJxz

2kykJxz

k2Jzz

D , ~3.4!

with Jmn(k,v) the components of the Green’s function calculated in thes- andp-polarized waves representation. The plane
incidence is taken as theXOZ plane. Wave vectork lies in the plane of the surface of the substrate.

To calculate the correlation function̂EiEj&, we need to calculate the integrals

E dkE dk8Qji ~k,k8!, ~3.5!

where

Qji ~k,k8!5E
2`

`

dqE dz8dz9Gjk
^ &~k8,za ,z8,v8!Gil

^ &~k9,za ,z9,v9!@e2 iq~z82z9!6pe2 iq~z81z9!#^ j k j l&P,v . ~3.6!

It is clear from Eqs.~3.4!–~3.6! that when̂ j k j l&P,v;dkl @see Eq.~3.2!# the tensorQji has only diagonal nonzero componen
This follows from the integration over wave vectorsk8 andk9 in Eq. ~3.5! over the symmetrical region~2`,1`!.

It is convenient to rewrite Eq.~3.3! in the form ~za5 l , l is the distance between the molecule and the surface!

^Ei
~sp!~ t8!Ei

~sp!~ t !&5
2ne2D

~2p!5 E dv eiv~ t82t !@qii ~ l ,v!6p fii ~ l ,v!#, H iÞz
i 5z, ~3.7!
ef.

f
d
in

se,

e

with

qii ~ l ,v!5
1

V (
l
E dz8E dk

4p2 Gil
^ &~2k,l ,z8,2v!Gil

^ &

3~k,l ,z8,v!, ~3.8!

f i i ~ l ,v!5
1

V (
l
E dz8E dk

4p2 Gil
^ &~2k,l ,2z8,2v!Gil

^ &

3~2k,l ,z8,v!. ~3.9!

Taking into account that the main purpose of this study
to obtain a qualitative picture of the dependence of the
sorption potential on the distance between a molecule a
surface, we use a simple model for the adsorbent where
s
-
a

he

Green’s function has the form which was obtained in R
27. The Green’s function is dependent on thez coordinate
via27

Ji i ~z!5Pii e
2 ihpz1 ih l ~ i 5x,z!, Sii e

2 ihsz1 ih l ~ i 5y!,
~3.10!

wherehp andhs are thez coordinates of the wave vector o
p- ands-polarized waves in the substrate, respectively, anh
is the z coordinate of the wave vector of the wave
vacuum.28 The integration overz8 in Eqs.~3.8! and~3.9! can
be performed directly. As a result, four types of terms ari
namely the terms proportional tod functions d(hp1hs),
d(hp), andd(hs), and the terms containing integrals of th
form

a5
1

V E
2`

0

dz. ~3.11!
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These integrals are formally infinite. Indeed, the term ‘‘sem
infinite medium’’ means that the dimension of the syste
along theOZ axis is so great that the bottom interface of t
substrate does not influence the effects of adsorption on
upper interface. It means that Eq.~3.11! can be rewritten as

a5
1

V E
2L

0

dz5
1

S
, ~3.12!

where S is the area of the surface of the adsorbent. Si
distances between a molecule and a surface are small, r
dation processes can be neglected. Due to this, the inte
tion over the pulsek in Eqs. ~3.8! and ~3.9! can be easily
performed. We obtain from Eqs.~3.8! and ~3.9! that qii 50,
and

f xx~v!5
9p

8S
F1

1

l 42
4p4

V F S «xx

«zz
D 1/2

21G21

F2

1

l

2
3pv4

4c4S
EiS 2

2l

L D , ~3.13!

f yy~v!5 f xx~v!, ~3.14!

f zz~v!5
3p

S
F3

1

l 4 , ~3.15!

with

F15
1

«zz«xx12A«zz«xx11
, ~3.16!

F25
v2

c2

1

A«xx

«zz

21

1

11A«xx«zz

, ~3.17!

F35S «xx1
«xx

«zz
D 22

. ~3.18!

It needs to be mentioned that Eqs.~3.10!–~3.15! apply to the
case where the nonequilibrium semiconductor is anisotro
In the case when the nonequilibrium state of the semic
ductor is isotropic, the term;1/l in Eqs. ~3.13! and ~3.14!
disappears, but a term;1/l 2 appears. In Eq.~3.13!,
Ei(2x) indicates the exponential integral31

E
x

`

dt
e2mt

t
52Ei~2mx!. ~3.19!

Substitution of Eqs.~3.13!–~3.15! into Eq. ~3.7! gives

^Ei
~sp!~ t8!Ej

~sp!~ t !&5
2ne2pD

~2p!5 E dv eiv~ t82t !Ki j ~v!,

~3.20!

where

Ki j ~v!5S f xx~v!

0
0

0
f yy~v!

0

0
0

f zz~v!
D . ~3.21!
-

he

e
tar-
ra-

c.
-

To obtain a qualitative dependence of the adsorption
tential on the distance between the molecule and the sur
of a nonequilibrium adsorbent, we use a simple model for
polarizability of the molecule. We shall assume that the m
ecule is isotropic, i.e.,a i j (v)5a(v)d i j .

According to Ref. 13, the first part of the adsorption p
tential, in the approximation where retardation effects
neglected, follows from Eq.~2.6!. The result is

U1~ l !52C
1

l 3 , ~3.22!

with

C5
\

4 E
0

`

dv cthb Im„a~v!…F4~v!, ~3.23!

F4~v!5
A«xx«zz21

A«xx«zz11
. ~3.24!

As is clear from Eq.~3.22!, the first part of the adsorption
potential formally has the same form as the adsorption
tential for a semiconductor in the equilibrium state.

Using Eqs.~3.12!–~3.15!, ~3.20!, and ~2.8!, one obtains
for the second part of the adsorption potential

U2~ l !52DH C1

1

l 42C2

1

l
2C3EiS 2

2l

L D J , ~3.25!

where

C15
3ne2p

64p4S E dv a~v!@3F1~v!24F3~v!#,

~3.26!

C25
4ne2p

~2p!5 E dv a~v!F2~v!F3~v!, ~3.27!

C35
3ne2p

~2p!5S E dv a~v!. ~3.28!

It should be emphasized that in the case when adsorp
occurs on the surface of an isotropic nonequilibrium se
conductor, the term;1/l in the potentialU2 is absent. But
the term;1/l 2 arises. In this case,F15F35(«11)2, and
C1,0. This means that the term;1/l 4 in the adsorption
potential becomes repulsive.

Equations~3.22! and ~3.25! give the expression for the
adsorption potential on the surface of a nonequilibrium se
conductor,

U~ l !52C
1

l 32DH C1

1

l 42C2

1

l
2C3Ei~22l /L !J .

~3.29!

Equation~3.29! is the main result of this work.

IV. DISCUSSION

The van der Waals component of the adsorption poten
for the surface of a nonequilibrium semiconductor was o
tained in Sec. III. It is very different from the correspondin
result for an equilibrium semiconductor. Essential features
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10 726 PRB 58FRIDRIKH G. BASS AND VALERI Z. LOZOVSKI
the adsorption of a molecule on the surface of a nonequ
rium semiconductor are, first, the existence of the ter
;1/l 4 and 1/l ~or 1/l 2 in the case of an isotropic nonequilib
rium state! and, second, the appearance of the sign ‘‘1’’ in
the terms proportional to 1/l and Ei(22l /L). The latter
means that the van der Waals interactions do not only h
an attractive part. A repulsive part of the potential is a
formed by the van der Waals interaction. It should be m
tioned that the attractive part of the adsorption potentia
formed by the van der Waals interactions in equilibrium.12,13

For adsorption on a nonequilibrium semiconductor, the
havior of the total adsorption potential can be very differe
Namely, coefficientC1 in Eq. ~3.29! may be both positive or
negative. In the latter case, a molecule cannot be adsorbe
the surface. For example, if coefficientsC and C1 are the
same order of magnitude, the term proportional tol 24 can be
the same order of magnitude as the term proportional tol 23.
This means that the repulsive part of the adsorption poten
will dominate the attractive part~due to the term proportiona
to l 21!, and adsorption of the molecule will not occur.

In Fig. 1, the attractive part of the adsorption potentials
the surface of nonequilibrium and equilibrium semicondu
tors is shown. It needs to be emphasized that the last ter
Eq. ~3.29! slowly changes at distances of about 1027 cm. It
allows us to neglect this term in the calculations. In Fig. 2
sketch of the total adsorption potential including the sho
range repulsive part of~see, for example, Ref. 32!

U rep~ l !5Cr

1

l 9 ~4.1!

is shown. For both Figs. 1 and 2, we used positive values
the coefficientsC, C1 , C2 , andC3 .

As was mentioned above, there is a possibility of an i
tropic nonequilibrium state in the substrate. For this case,
adsorption potential can be expressed in the form

U~ l !52C
1

l 32DH C1

1

l 42C̃2

1

l 22C3Ei~22l /L !J ,

~4.2!

FIG. 1. Sketch of the attractive part of the adsorption potent
Curve 1 corresponds to an equilibrium and curve 2 corresponds
nonequilibrium substrate.
-
s

ve
o
-
s

-
t.
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n
-
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a
-

or

-
e

with

C̃25
ne2p

32p2S E v2dv

c2 F5~v!, ~4.3!

F5~v!5
2a~v!

«~v!11
. ~4.4!

It is clear from Eq.~4.2! that the behavior of coefficientC̃2
essentially depends on the pole part ofF5(v), i.e., its value
and sign are defined by properties of the dielectric funct
of the nonequilibrium adsorbent.

It is interesting to study the approach to the equilibriu
state in Eq.~3.25!. As mentioned above, in the equilibrium
state Eq.~2.8! transforms into Eq.~2.13!. It immediately
leads to the transformation of Eq.~3.25! to a form similar
Eq. ~3.22!. The value ofF4(v) which determines the coef
ficient C will contain the dielectric function of the semicon
ductor in equilibrium. It needs to be emphasized that
common form of the nonequilibrium terms (;D) in Eqs.
~3.25!, ~3.29!, and~4.2! is determined by the universal cha
acter of the ‘‘fluctuation-diffusion’’ theorem. Values of th
coefficientsC1 , C2 , C3 , and C, however, depend on th
kind of nonequilibrium state of the substrate. Clearly,
these coefficients are defined by the dielectric function of
nonequilibrium semiconductor. The volumeV of an adsor-
bent and the areaS of its surface in the denominators of th
expressions forCi appear due to the presence ofV in Eq.
~3.2!. This fact has a clear physical interpretation: when
volume of a sample increases, the correlations of the fluc
tion currents decrease.

As was mentioned above, the classical electrodynam
Green’s function was used in the calculation of ‘‘curren
current’’ correlators in the present work. But, as was sho
in previous works~for example, using the functional of th
particle density method33 or the classical semiempirica
approach!,34 microscopical and classical approaches g
qualitatively similar results. Therefore, it can be assum
that the results obtained in the present work give us qua
tively correct results.

l.
a

FIG. 2. Sketch of the total adsorption potential calculated for
equilibrium ~curve 1! and a nonequilibrium~curve 2! substrate.
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